ABSTRACT. The objective of this study was to evaluate associations between single nucleotide polymorphism (SNP) markers and carcass traits measured postmortem in Nellore cattle. Records of loin eye area (LEA) and backfat thickness (BF) from 740 males and records of hot carcass weight (HCW) from 726 males were analyzed. All of the animals were genotyped using the BovineHD BeadChip. Association analyses were performed by the restricted maximum likelihood method that considered one SNP at a time. Significant SNPs were identified on (2015) chromosomes 2 and 6 for LEA and on chromosomes 7, 1, and 2 for BF. For HCW, associations with SNPs were found on chromosomes 13, 14, and 28, in addition to genome regions that were directly related to this trait, such as the EFCAB8 and VSTM2L genes, and to bone development (RHOU). Some SNPs were located in very close proximity to genes involved in basal metabolism (BLCAP, NNAT, CTNNBL1, TGM2, and LOC100296770) and the immune system (BPI).
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INTRODUCTION
Brazil possesses the largest commercial beef cattle herd in the world, with an estimated 188.5 million animals and a production of more than 8 million carcass weights equivalent per year (Anualpec, 2014) . Zebu breeds account for approximately 80% of the Brazilian herd, and the main focus of Zebu breeding programs has been the selection for growth traits but few programs have focused on traits related to carcass and meat quality. However, there has been a marked increase in international consumer demand in terms of the quality and safety of meat products, a trend also observed in the national market.
Animals of the Nellore breed deposit subcutaneous fat relatively early, and offer advantages in terms of carcass yield; however, muscle tissue growth is low when compared to taurine breeds (Restle et al., 2002) . In addition, Nellore animals produce carcasses with a lower proportion of fat and a lower intramuscular fat percentage than Bos taurus (Cundiff, 2004) . A high-quality carcass should contain a sufficient amount of fat cover to guarantee its preservation and characteristics desirable for consumption (Cundiff et al., 1993) .
Traits such as loin eye area (LEA) and backfat thickness (BF) can be measured by ultrasound or directly in the carcass. However, correlations between measures obtained by ultrasound and those evaluated directly in the carcass are affected by several factors, such as experience of the technician, fat and muscle carcass levels, postmortem tissue characteristics, and muscle displacement in relation to the skeleton (Perkins, 1992) . In Brazil, although genetic evaluations of ultrasound-measured carcass traits are performed in some breeding programs, it is still difficult to find young animals in which these traits are evaluated, particularly Nellore animals.
In genome-wide association studies (GWAS), variations that exist across the genome (mainly single nucleotide polymorphisms, SNPs) are used together with phenotype and pedigree data to identify genes and regions that contain potential quantitative trait loci (QTLs) for traits that are important in livestock production. GWAS have been used for the first time for the analysis of human diseases, and have become a suitable tool for domestic animals as a result of the development of large collections of SNPs and the large-scale analysis of SNPs at moderate cost (Zhang et al., 2012) . The molecular data obtained in GWAS permit the genetic evaluation of young animals for traits of interest in livestock production, such as hot carcass weight (HCW), LEA, and BF.
Recently, studies have been conducted that have explored the potential of GWAS in detecting regions that contain potential QTLs. Lee et al. (2012) genotyped Korean Hanwoo cattle using the 10K Affymetrix SNP Chip, and identified QTLs for carcass weight, LEA, fat thickness, and marbling on chromosomes 4, 6, 13, 16, and 23. Using a chip with a higher density of markers (BovineSNP50 BeadChip), Nishimura et al. (2012) identified SNPs associated with carcass weight on chromosomes 6, 8, and 14 of Japanese Black cattle. Mokry et al. (2013) genotyped 400 Canchim cattle using the BovineHD BeadChip. The authors found an association between SNPs and BF, indicating regions with potential QTLs for this trait on chromosomes 1, 3, 13, and 19.
Few studies have used high-density SNP chips for association analysis with carcass and meat traits measured postmortem in Nellore cattle. Therefore, the objective of the present study was to evaluate associations between SNP markers in the Nellore genome with carcass traits measured postmortem, in order to provide data that contribute to genetic evaluations for these traits.
MATERIAL AND METHODS

Animals and traits studied
The phenotypic data used in this study were obtained from uncastrated Nellore males from eight farms in the Brazilian states of Mato Grosso, Mato Grosso do Sul, Bahia, and Goiás, which participate in three large Nellore breeding programs (DeltaGen, Paint CRV Lagoa, and Nelore Qualitas). Nellore is a breed of Indian origin used as beef cattle. About 80% of the Brazilian cattle herd is composed of animals of this breed and their crossbreds (Albuquerque et al., 2006) .
Records of LEA and BF obtained from 740 animals and records of HCW obtained from 726 animals were used ( Table 1 ). The animals were sons of 108 sires and were born between 2008 and 2009, reared on pasture, and feedlot-fed over a period of approximately 90 days during the finishing phase. The mean age (SD) of the animals at slaughter was 704 (52) days. The following phenotypic traits were studied: HCW, LEA, and BF. The animals were slaughtered at commercial slaughterhouses, and HCW was measured by weighing the half-carcasses in the slaughter line of each facility. The carcasses were then cooled for a minimum period of 24 h. After cooling, samples of Longissimus dorsi muscle with bone that were approximately 2.54 cm thick were collected between the 12th and 13th rib of the left half-carcass of each animal. For BF evaluation, the fat layer located at an angle of 45° from the geometric center of the sample was measured with a caliper, and the results are reported in millimeters. LEA was measured by the grid method, and is expressed as squared centimeters. Descriptive statistics for the traits studied are presented in 
Genotyping and quality control
Genotyping was performed using the BovineHD BeadChip (Illumina Inc., San Diego, CA, USA) according to the manufacturer protocol in a HiScan TM SQ System. The BovineHD BeadChip contains 777,962 SNP markers distributed across the genome at an average distance of 3.43 kb between markers. The GenomeStudio software (Illumina ® ) was used to analyze the HiScan TM images and obtain the genotypes. The genotypes were defined as 0 (AA), 1 (AB), and 2 (BB), and those not identified as 5. The exclusion criteria used for quality control of the genotyping data are shown in Table 2 In order to prevent possible genotyping errors, SNPs with excess heterozygosity or homozygosity were excluded from the analyses. Call frequency and call rate are measures of the genotyping efficiency of each SNP, and consequently of each animal. Genotyped animals with a call rate lower than 0.90 were eliminated. The final dataset contained 446,986 markers for genome-wide association and 740 genotyped males.
In addition to the criteria of consistency described above, animals in contemporary groups (CGs) with at least three animals were maintained. The CGs were defined as year, farm, and management group at birth, in addition to weaning and postweaning management groups. Therefore, a total of 117 CGs were formed in this study.
Association study
Association analyses were performed by the restricted maximum likelihood method and considered one marker at a time. The model included the random effect of sire, fixed effects of CG (117 levels), date of slaughter (15 levels), and age at slaughter, and SNP as a covariate (linear effect). The false-positive rate (FPR) was calculated as follows:
where m is the number of markers tested that passed the quality control, p is the level of significance, and n is the number of significant markers for each trait.
Quantile-quantile plots were used to compare the distribution of observed values with the distribution of expected values under the null hypothesis, i.e., that there was no association between SNPs and the trait studied (McCarthy et al., 2008) . For this purpose, Manhattan and quantile-quantile plots were constructed using the mht.control and mhtplot functions available in the GAP instructions of the R software (R Development Core Team, 2013) . Levels of significance of 5, 1, and 0.1% were set for the markers. A Bonferroni correction at a 5% level of significance was also applied.
The National Center for Biotechnology Information's Map Viewer 6.1 (http://www. ncbi.nlm.nih.gov/mapview/) of the bovine genome was used to identify genes located in close proximity to statistically significant SNPs for each trait.
RESULTS AND DISCUSSION
The extent of linkage disequilibrium in the animals used in this study has been reported in a recent study by Espigolan et al. (2013) using the same dataset. The authors found an average linkage disequilibrium (determined by r²) of 0.17 between SNP pairs.
After applying a Bonferroni correction to the three traits studied (P < 1.12 x 10 -7 ), there were only 27 significant SNPs for HCW (Figure 1 ). No significant SNPs were detected for the other traits (LEA and BF), probably because the level of restriction of the test was high. According to Kim et al. (2011) , this is a conservative test, and SNPs that meet the Bonferroni criterion exert a highly significant effect on the trait.
A total of 7048, 5356, and 4404 SNPs were significantly associated (P < 0.01) with HCW, LEA, and BF, respectively. At the 5% level, these numbers increased to 27,526, 24,874, and 22,515 SNPs, respectively (Figure 1 ). The quantile-quantile plot shows the observed and expected -log 10 values (P value) of the 446,986 SNPs for the three traits studied. At lower significance levels (P > 0.001), observed and expected values were practically the same, except for HCW, which exhibited a discrepancy between observed and expected values from -log (P value) = 2 (Figure 2) . For LEA and BF, the observed values initially followed the distribution of the null hypothesis: that there was no association between these SNPs and the traits studied. From -log 10 (P value) = 3, which corresponds to P = 0.001, higher observed values were found with increasing significance level compared to the expected values. A significance level of P < 0.001 was therefore chosen. At this level, 1443, 649, and 653 SNPs that significantly affected HCW, LEA, and BF, respectively, were identified.
Similar FPRs for significant SNPs (P < 0.001) were obtained for LEA and BF (69 and 68%, respectively), which were higher than that observed for HCW (31%). The FPR for BF was slightly higher than that reported by Bolormaa et al. (2011) for subcutaneous fat percentage (62%). However, the rate observed here was lower than that obtained by those authors for rump fat thickness (84%). These differences might be explained by the fact that Bolormaa et al. (2011) used an SNP panel with approximately 54,000 markers and P < 0.001. At P < 0.001, a considerable number of SNPs were found to be significantly associated with the carcass traits studied (Figure 1 and Table 3 ).
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Sixty-two significant SNPs for LEA (P < 0.001) were identified on chromosome 6; 12 of them were found in the same region (21,553 to 21,900 kb). Similar results have been reported by Kim et al. (2011) , who genotyped 330 cattle of a Korean breed using the Illumina BovineSNP50 BeadChip, and detected SNPs associated with LEA on chromosomes 6 and 16.
For BF, the largest marker peaks were observed on chromosomes 7, 1, and 2 ( Figure  1 and Table 3) , with 68, 59, and 44 significant SNPs, respectively (P < 0.001). Of these, 27 (79,040 to 79,807 kb), 10 (134,531 to 134,613 kb), and 9 (4123 to 4144 kb) markers, in the same order, were in physical proximity. Although chromosome 7 exhibited a larger number of significant SNPs (P < 0.001), chromosomes 1 and 2 contained regions of less dispersed significant SNPs (P < 0.001) (Figure 1 and Table 3 ). Using the BovineHD BeadChip to genotype 400 Canchim animals, Mokry et al. (2013) also identified significant SNPs for BF on chromosome 1, in addition to chromosomes 3, 10, 13, and 19. QTLs for BF have been identified on chromosomes 2, 3, 7, and 14 of crossbred cattle (Brahman x Hereford) (Casas et al., 2003) . Chromosome 13 contained the largest number of significant SNPs (702) for HCW (P < 0.001), followed by chromosome 7 (91 SNPs) ( Table 3) . A clearly visible marker peak for this trait was observed on chromosome 13 (Figure 1 ). This result suggests the presence of a QTL, since 27 SNPs located on this chromosome passed the Bonferroni correction (P < 1.12 x 10 -7 ), and 24 of them were in physical proximity to each other (62,528 to 62,813 kb and 67,122 to 67,862 kb). These results agree with those of Kim et al. (2003) , who analyzed phenotypic data for various growth traits in 538 crossbred animals (Angus x Brahman). The authors used 417 microsatellite markers in order to detect QTLs, and obtained evidence for the presence of a QTL for HCW on chromosome 13.
Two other SNPs that met the Bonferroni criterion of significance for HCW were located on chromosomes 14 and 28. On chromosome 14, a significant SNP (P < 3.65 x 10 -8 ) was detected at position 4965.4 kb (BovineHD1400001162). Nishimura et al. (2012) , who genotyped 1156 Japanese Black cattle using the Illumina BovineSNP50 BeadChip, also detected four SNPs that were significantly associated with carcass weight (P < 1.28 x 10 -6 ) in the region of chromosome 14. The other SNP (BovineHD2800000740) that was significantly associated with HCW (P < 8.58 x 10 -8 ) was found at position 2111.2 kb of chromosome 28. On the same chromosome, McClure et al. (2010) identified two QTLs for HCW in Angus cattle.
Our results differ from those reported by Lee et al. (2012) , who genotyped a herd of 266 Korean Hanwoo cattle using the 10K Affymetrix SNP Chip. The authors describe regions containing potential QTLs for carcass weight and LEA on chromosomes 4 and 23, respectively, and detected significant markers for fat thickness on chromosomes 13 and 16.
Distributions of the effects of all of the SNPs studied on the three traits are presented in Figure 3 . Most of the estimated effects were close to zero, confirming the polygenic nature of the traits. Table 4 shows the results of genome-wide association with HCW in Nellore animals. The distance is reported in base pairs from the SNP to the beginning of the gene, or from the SNP to the end of the gene, according to the position of the polymorphism on the chromosome. A distance of zero indicates that the SNP was located within the gene. The 27 SNPs that met the Bonferroni criterion of significance represent 12 protein-coding genes on three chromosomes (13, 14, and 28) .
On the basis of the results obtained, the genes were divided into groups according to their known metabolic function in the organism. Previous studies have revealed genome regions that are directly related to the formation and development of skeletal muscles (EFCAB8 and VSTM2L) (Maki et al., 2002; Rossini et al., 2011) and bone (RHOU) (Brazier et al., 2009) , and therefore contribute to HCW. Particularly interesting is the metabolic function of the EFCAB8 gene. The genes of this family act directly on calpain (a muscle-forming protein) and sorcin (involved in the modulation of Ca 2+ channels). A certain analogy can be made with the halothane gene of pigs, which encodes a precursor protein of a Ca 2+ release channel. A polymorphism in the halothane gene is responsible for a condition called PSE (pale, soft, exudative), a term used to describe poor quality meat. FAM110A synthesizes a protein that participates in the cell cycle progression, whose role is related to the formation of the centrosome/spindle pole fibers during mitosis (Hauge et al., 2007) . In a GWAS in humans, this gene was associated with body measures (waist height) (Comuzzie et al., 2012) . SNPs in the gene are associated with growth traits in both species. This suggests that this gene may participate in cell mitosis, and consequently in body growth.
Some genes (BLCAP, NNAT, CTNNBL1, TGM2, and LOC100296770) participate in basal metabolism, being involved in different functions that range from the transcription, splicing, and editing of RNA to the formation of specific tissues in the embryo. These genes exert basic functions in many cells of an organism. However, since these genes are involved in basal metabolism, they participate in many metabolic pathways and therefore exert important pleiotropic effects. Furthermore, not all functions are known for many genes, and the sequencing of the first genomes indicated that genes possess multiple functions. Otherwise, genomes would contain many more genes.
The study of gene functions facilitates the establishment of associations between genes and traits in animal breeding. One example is the CTNNBL1 gene identified in the present study. This gene is involved in the formation of the spliceosome (a structure responsible for the removal of introns and the formation of mature mRNA). In humans, this gene is related to obesity through a mechanism that inhibits the expression of genes in adipose tissue (Liu , 2008) . The function of this gene, which exerts a basal effect on metabolism and acts in different tissues, acquires importance in adipose tissue, where it promotes fat accumulation and is directly related to HCW in cattle.
The BPI gene identified here is involved in the immune system. This gene is considered to be related to good or poor immune defense of the organism against infectious agents. Animals with a stronger immune system spend less energy in combating external agents, and can use this energy for growth and reproduction. Two of the genes identified were not discussed because they have not yet been characterized (LOC100337277), or their biological function is unknown (KIAA1755).
Recently, Utsunomiya et al. (2013) identified significant SNPs for birthweight on chromosome 14 of Nellore cattle, in regions distant from the SNP found in the present study. This fact is important, since it shows that genes affecting birthweight are not the same as those that affect carcass weight in this breed. It would therefore be possible to use different SNPs to increase carcass weight without increasing birthweight. Nishimura et al. (2012) identified significant SNPs for HCW on chromosomes 6, 8, and 14 of Japanese Black cattle. The SNPs found on chromosome 14 were distant from the SNP identified in the present study. Similarly, Lee et al. (2012) detected significant SNPs for HCW on chromosome 4 of Hanwoo cattle, but the regions were distant from those observed in the present study. This finding suggests that the regions that most affect this trait differ between breeds and/or subspecies.
The present genome-wide association study revealed the presence of various significant SNPs that affect carcass traits in Nellore cattle. For HCW, associations were identified on chromosomes 13, 14, and 28, in addition to genome regions that are directly related to this trait, such as EFCAB8 and VSTM2L, and to bone development (RHOU). Some SNPs were located in close proximity to genes involved in basal metabolism (BLCAP, NNAT, CTNNBL1, TGM2, and LOC100296770) and the immune system (BPI). In-depth studies on HCW should focus on chromosome 13, which contained 27 SNPs that passed the Bonferroni correction. For LEA and BF, the largest numbers of significant SNPs were identified on chromosomes 2 and 6, and 7, 1, and 2, respectively.
